The presence of dye coupling and electrotonic coupling within the nucleus accumbens was examined using intracellular recording and staining in rat brain slices. In 24% of the cells examined, injection of single accumbens neurons with the dye Lucifer yellow resulted in the complete labeling of more than one cell. To examine whether this coupling is regulated by dopamine (DA), the extent of dye coupling was assessed in the presence of dopaminergic agonists and antagonists. Until relatively recently, communication between neurons in the vertebrate CNS was thought to occur exclusively by chemical synapses, with electrotonic transmission relegated to simpler invertebrate neural networks (Furshpan and Potter, 1959) or developing systems (Bennett et al., 198 1) . However, there was also anatomical and physiological evidence of its presence in lower vertebrates (Bennett, 1963; Yamada and Ishikawa, 1965; Kaneko, 197 l) , and in 197 1 Baker and Llinas demonstrated that electrical transmission takes place between rat mesencephalic neurons (Baker and Llinas, 197 1) . Following this first report in the mammalian brain, physiological evidence for electrical coupling was found in several brain regions, including the inferior olive (Llinas et al., 1974) retina (Piccolino et al., 1982 (Piccolino et al., , 1984 Lasater and Dowling, 1985a,b) , substantia nigra (Grace and Bunney, 1983) hippocampus (MacVicar and Dudek, 198 1; Taylor and Dudek, 1982; Dudek and Snow, 1985; Ntiiiez et al., 1990) , striatum spinal cord motoneurons (Gogan et al., 1977; Walton and Navarrete, 1991) and lateral vestibular nucleus (Wylie, 1973) . Electrotonic transmission is a mode of communication between sets of two or more cells in which apposed membranes are connected by gap junctions. These are transmembrane proteins (connexins) arranged so as to form a pore that allows direct electrical transmission and diffusion of small molecules, possibly including second messengers, between adjacent cells (Schmitt et al., 1976; Sotelo and Korn, 1978) . There is increasing evidence that electrotonic transmission is not passive in nature, but can be dynamically modulated by such factors as intracellular calcium levels and pH (Rose and Loewenstein, 1975; Ramon et al., 1985; Spray et al., 1985; Rao et al., 1987; Church and Baimbridge, 199 1) . Recent studies have focused on neurotransmitter-mediated modulation of gap junction conductance. In particular, studies of retina physiology have provided a functional model of this regulation, in which dopamine (DA), acting on D, receptors (Piccolino et al., 1984) may be involved in dark-adaptation mechanisms by suppressing electrotonic transmission between adjacent horizontal cells (Teranishi et al., 1983; Lasater and Dowling, 1985a,b; McMahon et al., 1989) . Another system in which dopaminergic modulation of electrical transmission has been reported is the striatum, where the incidence of dye coupling can be increased by systemic administration of apomorphine in vivo (Onn et al., 199 1) or by DA-depleting lesions made prior to in vitro recordings .
Due to the technical difficulty involved in performing simultaneous intracellular recordings from two coupled neurons to verify the existence of electrical communication between them, studies of vertebrate systems have relied on anatomical means to identify coupling between cells. Intracellular injection of gap junction-permeable dyes has become an accepted means of verifying cell coupling at a histological level, with the most commonly used dye for this purpose being Lucifer yellow. This dye has the ability to fill a cell completely after intracellular injection and is sufficiently compact to pass through gap junctions, causing cells that are coupled to the injected neuron to be labeled (Stewart, 1978, 198 1) . Thus, dye coupling has proven to be a reliable indicator of electrotonic coupling between neurons in a number of brain regions (Andrew et al., 198 1; Gutnick and Prince, 198 1; Grace and Bunney, 1983; Dudek and Snow, 1985; Walsh et al., 1989; Nuiiez et al., 1990) . In fact, the correlation between gap junctions, dye coupling, and electrical coupling has recently been substantiated in an elegant series of studies in which cells that normally do not express gap junction proteins were transfected with connexin 32-encoding cDNA, resulting in the induction of both dye and electrical coupling (Eghbali et al., 1990 (Eghbali et al., , 1991a Moreno et al., 1991) .
In this study we examined whether coupling was present between cells in the limbic counterpart of the striatum, known as the nucleus accumbens, which is known to receive a dense DA innervation (Chronister et al., 1981; Oades and Halliday, 1987; Deutch and Cameron, 1992; Parsons and Justice, 1992) . The nucleus accumbens has been gaining attention as evidence of its involvement in several psychiatric disorders, including schizophrenia (Matthysse, 1973 (Matthysse, , 1981 Snyder, 1973; Stevens, 1973 ) and Tourette's syndrome (Comings, 1987) , as well as in the therapeutic actions of antipsychotic drugs (APDs; White and Wang, 1983) , has come to light. This nucleus is composed of two subdivisions (Zaborszky et al., 1985; Paxinos and Watson, 1986; Zahm and Heimer, 1988) : (1) the core, which is proposed to be a functional extension of the ventral striatum, and (2) a ventromedial shell, which several investigators suggest may be part of a continuum of cells extending from the amygdala through the bed nucleus of the stria terminalis, and known collectively as the extended amygdala (Alheid and Heimer, 1988; Heimer et al., 199 1) . Although these two regions are known to differ in their connectivity patterns (zborszky et al., 1985; Meredith et al., 1989; Zahm and Heimer, 1990; Heimer et al., 1991; Berendse et al., 1992a) and in their neurochemistry (Zahm and Heimer, 1988; Meredith et al., 1989; Zahm, 1992) , electrophysiological evidence shows that neurons located in the core and shell regions of the accumbens exhibit similar intrinsic membrane properties (O'Donnell and Grace, 1993a) . The presence of coupling was assessed by performing intracellular recording and Lucifer yellow staining of neurons in several regions of the rat nucleus accumbens maintained in vitro.
Some of these data have been presented in abstract form (O'Donnell and Grace, 199 la Animal handling and electrophysiological recordings were performed as described previously (Grace and Onn, 1989) . Briefly, rats were deeply anesthetized with chloral hydrate (400 mg/kg, i.p.) prior to decapitation. Brains were quickly removed and 4 mm parasagittal blocks containing both accumbens nuclei were made using Activational Systems Rat Brain Matrices (RBM-4000s). The tissue was then sectioned in ice-cold physioloeical saline solution (124 mM NaCl. 5 mM KCl. 1.2 mM KH,PO,, 2.4 kM CaCl,, 1.3 mM MgSO,, 26 mM'NaHCO,, lb mM glucose, and saturated with 95%:5% O,:CO,) into 400~pm-thick slices using a Vibratome (Oxford, UK). Sections were incubated for at least 1 hr at room temperature in continuously oxygenated physiological saline before placing them into a submersion-type recording chamber that was superfused with oxygenated physiological saline delivered at a flow rate of l-2 ml/min using a peristaltic pump (Haake-Btichler MCP 2500) (Llinas and Sugimori, 1980; Grace and Llinas, 1985) . The slices were maintained at 33-35°C throughout the recording procedure. Recordingprocedure. Micropipettes were pulled from 1 mm o.d. borosilicate Omegadot glass tubing (World Precision Instruments, New Haven, CT) using a Flaming-Brown P-IO/PC microelectrode puller. The electrodes were filled with one ofthe following solutions: (1) 10% Lucifer yellow in distilled water, (2) 5% Lucifer yellow in 1 M lithium acetate, or (3) 3 M potassium acetate. Although the highest level of intracellular staining for studying neuronal morphology could be achieved using electrodes containing only Lucifer yellow dissolved in distilled water, the resultant electrodes had very high resistances (over 200 MQ), which affected the quality of the electrophysiological recordings. On the other hand, reducing the electrode resistance by adding lithium chloride to the Lucifer vellow solution (Stewart. 1978 ) is known to modify Cl--mediated synaptic events, and the use of Cl--containing pipettes has been reported to alter coupling between cells in the retina (Lasater and Dowling, 1985a) . In addition, GABAergic drugs have been shown to affect junctional communication in the retina (Piccolino et al., 1982) . Therefore, in experiments examining the correlation between dye coupling and electrophysiological correlates of electrotonic coupling, lithium acetate was used to decrease the resistance of the dye-filled electrodes. Dissolving 5% Lucifer yellow in 1 M lithium acetate provided electrodes with stable electrical characteristics and comparatively low resistances (100-2 10 MB), but that were still effective in yielding intensely stained neurons. The criteria for assessing stability of cell penetration with these electrodes included the presence of a resting membrane potential of at least -45 mV and spike amplitudes of 50 mV or more. However, since it is unknown whether lithium itself can affect coupling, only cells stained using Lucifer yellow dissolved in distilled water were scored for dye coupling.
Electrode potentials were amplified by a headstage connected to a NeuroData intracellular amplifier (NeuroData IR-183). Current was injected through a bridge circuit integral to the amplifier, and the amplitude of current injected and the resultant electrode potentials were observed on line on an analog storage oscilloscope (Kikusui COS 5020-ST) in addition to being continuously digitized by a NeuroData Neurocorder (DR-886) and stored on VHS videotapes for subsequent off-line analysis. For data analysis a CEDl40 1 Intelligent Laboratory Interface (Cambridge Electronic Design, Cambridge, UK) connected to a Compaq 386 computer was used, with hard copies obtained by directing the output to a Hewlett-Packard 7475A digital plotter. In addition, data were digitized using a Microstar interface board (MicroStar Laboratories, Befievue, WAyprior to storage and off-line analysis using a UNIXbased workstation (Au0110 Series 400. Hewlett-Packard). The workstation, equipped with custom-designed software (NEU~OSCOPE) , was utilized during intracellular current injection and in afferent pathway stimulation to drive the stimulator, in addition to collecting, analyzing, and printing poststimulus data.
Electriculsfimulution. Bipolar stimulating electrodes were gently placed either on the subcortical white matter near the anterior pole of the accumbens, or on the bed nucleus of the stria terminalis in proximity to the posterior region of the shell. Stimulating electrodes were constructed from a pair of 50-pm-diameter enamel-coated nichrome wires twisted together and with 1 mm of insulation removed from the tips. Stimulating pulses with durations of 100-500 psec and intensities between 50 PA and 1.1 mA were delivered using a Grass S88 stimulator and a Grass PSIU6 constant current stimulus isolator. All recording and stimulating locations were identified by visual landmarks according to a stereotaxic rat brain atlas (Paxinos and Watson, 1986) .
Pharmacological studies. Drugs were applied to the slices by adding them to the superfusion media. The following drugs were used in this study: apomorphine (5 or 50 FM; Sigma, St. Louis, MO), SCH 23390 [3 PM; Research Biochemicals Inc. (RBI), Nattick, MA], SCH 39166 (3 PM; Schering-Plough, Bloomfield, NJ), SKF 38393 (3 NM; RBI), quinpirole (10 PM; RBI), sulpiride (10 PM; Sigma), and clozapine (3 PM; Sandoz, East Hanover, NJ). Drugs were prepared the same day that they were to be used. A high-concentration stock solution was first prepared by dissolving the drugs in distilled water, with the exceptions of sulpiride, which required the addition of one or two drops of lactic acid (solution pH: 5.5) in order to dissolve in distilled water, and clozapine, which was first dissolved in 0.1 N HCl, after which the solution was adjusted to pH 4.8 by adding 10 N NaOH. Final working solutions were then made by diluting appropriate amounts of these stock solutions in physiological saline. The pH of the resultant control and drug-containing perfusion fluids was maintained between 7.35 and 7.45 by adding small amounts of NaOH ( 10 N) or HCl(1 N). The pH of the perfusion medium within the recording chamber was monitored using an indwelling microprobe connected to a pH meter (pH-1, Microelectrodes, Inc). Ascorbic acid (0.02%; Sigma) was added in order to prevent oxidation of apomorphine, but did not produce an effect on accumbens neurons when it was administered alone (n = 26). The rationale for using apomorphine instead of dopamine is that apomorphine is more stable in a neutral, oxygenated solution than is DA, and also should penetrate the tissue more rapidly since it is not subject to uptake into catecholamine terminals.
Lucifer yellow staining. After a neuron within the accumbens was impaled and the membrane potential had stabilized, Lucifer yellow was injected by applying l-2 nA constant hyperpolarizing current interrupted by 20 msec, 1 nA depolarizing pulses delivered at 24 Hz to prevent the electrode tip from clogging. The dye was injected for l-30 min, after which the slices were fixed overnight in 10% buffered formalin, washed in saline, and cleared by placing them in 100% dimethyl sulfoxide (DMSO) for at least 20 min (Grace and Llinas, 1985) . Slices were then placed on microscope slides, coverslipped in DMSO, and examined with an epifluorescence microscope (Leitz Orthoplan 2). The dye was observed using custom-designed filter cubes optimized for Lucifer yellow fluorescence characteristics (Omega Optical, Brattleboro, VT; excitation bandpass, 370-490 nm; suppression lowpass, 510 nm; dichromatic mirror at 45", 500 nm). In order to compare frequency distribution of dye coupling between cells in treated and control slices, the data were analyzed using the Fisher exact test (Siegel and Castellan, 1988) .
DA-depleted rats. A subset of slices was obtained from four additional rats in which endogenous DA had been depleted. This was accomplished by administering reserpine (5 mg/kg, s.c.) 24 hr prior to decapitation and preparation of the slices for recording, and incubating the slices with cr-methyl-p-tyrosine (olMPT; 100 NM) for at least 1 hr prior to recording. In every depleted animal, as well as in three control rats, two slices (one containing exclusively the core region of the accumbens, and the other including only the shell region) were used for assessment of DA levels. These slices were sonicated in 0.1 N perchloric acid and 0.2 mM Na,S,O, (1 ml). The homogenates were centrifuged (15 min at 50,000 x b, 4"C), the supematants were analyzed for catecholamines, and the pellets were analyzed for tissue protein using the protein-dye binding method (Bradford. 1976) . The suuematant fractions were assessed for DA and DOPACcontent using high-performance liquid chromatography (HPLC) with electrochemical detection, as described previously (Keller et al., 1976) .
Results
Intracellular recording and staining of neurons in nucleus accumbens core and shell regions Recordings were made from brain slices obtained from 10 1 rats, in which 605 neurons were successfully labeled by intracellular injection of Lucifer yellow. Of those, 254 were located in the core region and 331 were in the shell region of the nucleus accumbens. Both regions ofthe accumbens were localized within the slice based on their relative position with respect to the anterior commissure, subcortical white matter, and the striaturn, as assessed by comparison with a rat brain stereotaxic atlas (Paxinos and Watson, 1986) . The regional location of every neuron within the accumbens was determined by visual inspection during intracellular injection and was confirmed in subsequent histological analysis of the stained cells. Twenty additional cells were also labeled, but the data were not included due to our inability to classify their location accurately to either the core or the shell region of the accumbens.
Characteristics of dye coupling between neurons in the nucleus accumbens For each cell in which the impalement was sufficiently stable to allow injection of the dye for 1 min or longer, extensive labeling of the soma, dendrites, and local axon collaterals was observed. For 24% (22 of 9 1) of the cases in which a single accumbens neuron was injected with Lucifer yellow in control slices, subsequent histological examination revealed staining of two or more adjacent neurons (Fig. 1) . Dye coupling was found to occur exclusively between neurons of the medium-sized spiny class; therefore, calculation of the incidence of coupling was based on the number of medium-sized spiny neurons stained. Overall, there was no significant difference in the incidence of dye coupling observed between neurons located in the core and those labeled in the shell region ( Table 1 ). The somata of neurons exhibiting dye coupling were typically separated by up to 100 pm, although in seven cases both somata were in close apposition. Out of the 585 neurons stained across all treatment groups, dye coupling was most commonly observed to occur between pairs of neurons (n = 76), but in 29 out of the total of 105 cases showing coupling, groups of three (n = 23) four (n = 5), or even five (n = 1) coupled cells were recovered after single injections (Fig. 1C) .
In order to avoid labeling artifacts, only cells meeting the following set of criteria were counted as dye-coupled: (1) the cells were stable during the dye injection, and the injection was continued only as long as the cell membrane potential was maintained; (2) the intensity of staining was equivalent among the cluster of cells stained; and (3) there was no evidence of extracellular spillage of dye. In most cases the brief depolarizing pulses applied during injection triggered spikes, and neurons that fired spikes throughout the injection period typically displayed the most intense levels of staining. In addition, in every experiment and under each test condition, no cellular labeling was found when the dye was ejected into the extracellular space. This was also tested on 25 occasions when the extracellular ejection was performed immediately after the electrode was pulled from a cell that had not been injected with dye.
Among the diverse cell types observed, dye coupling was observed only between neurons exhibiting small somata (15.1 * 2.5 pm in diameter, mean f SD) and densely spined dendrites. In addition, four other neuronal types were infrequently stained in both regions: medium or large aspiny neurons (32 in the shell and 11 in the core), large spinous neurons (>20 Km diameter; one in each region), sparsely spined neurons (9 in the shell and 1 in the core), and seven neurogliaform cells (all in the shell).
Effects of DA on dye coupling in the accumbens core In neurons located in the core region, perfusion for at least 5 min with physiological saline containing a low concentration (i.e., 5 PM) of the DA agonist apomorphine prior to intracellular recording and dye injection did not change the incidence of dye coupling from that observed in untreated slices (Table 1) . In contrast, after the administration of higher doses of apomor- The effects of sulpiride on the response of a core neuron to cortical afferent stimulation. A, In control conditions, the amplitude of the stimulus current was set to 50% of that required to evoke a spike (150 PA), and the resultant EPSP was recorded (control). After adding sulpiride (10 ,u~) to the perfusion fluid, the same stimulus intensity evoked larger-amplitude EPSP, which occasionally triggered action potential discharge. After switching the perfusion back to physiological saline, the amplitude of the EPSP slowly returned to baseline levels. B, Overlay of two equal-amplitude EPSPs from the neuron recorded in A. One of the EPSPs was recorded in control conditions with 185 FA stimulation, and the other was evoked using 110 PA stimulation during perfusion with sulpiride. The finding that these equal-amplitude EPSPs have almost identical time courses suggests that the effect of sulpiride on EPSP amplitude is not mediated by an alteration in the membrane conductance proximal to the EPSP, but instead is likely to be mediated presynaptically on the glutamatergic afferent terminal (Nisenbaum et al., 1992) . In this and subsequent figures, the stimulus artifacts have been replaced by arrows for clarity. (Table 1 ). In contrast, administration of the D,/D, agonist quinpirole (10 FM) did not alter the incidence of dye coupling from that observed in controls. However, if the slices were pretreated with the D, antagonist sulpiride (10 PM), the subsequent administration of 50 PM apomorphine or 3 FM SKF 38393 failed to produce the decrease in dye coupling observed with these agonists. In addition, clozapine administration did not alter the decrease in coupling induced by apomorphine ( Table 1) . The finding that administration of the D, blocker sulpiride was capable of altering the effect of the D, agonist on coupling suggested that it could be working by blocking a basal level of D, receptor stimulation provided by endogenous DA that may be required for the D, effect. Therefore, electrophysiological recordings of corticoaccumbens evoked responses were examined for evidence of tonic D, stimulation. In the four cases examined, administration of sulpiride was found to cause a reversible increase in the evoked response (Fig. 2) , an effect that is opposite to that produced by D, agonists on evoked potentials (Calabresi et al., 1988 (Calabresi et al., , 1992 . This effect of sulpiride could not be observed in the two cells examined in slices from DA-depleted rats (see Dye coupling in slices from DA-depleted rats, below). More recent data (O'Donnell and Grace, 1993b) suggest that the spontaneous release of DA that is present in the slice despite the absence of DA cell impulse flow is sufficient to exert a physiological effect on neurons in accumbens slices.
Effects of dopaminergic drugs on dye coupling in the accumbens shell A total of 60 neurons were injected in the shell in untreated slices, with 23% of the injections resulting in the labeling of two or more neurons (Table 1 ). The incidence of dye coupling in slices perfused with apomorphine (5 or 50 FM) was not significantly different from that found in untreated slices. Similarly, administration of the D,/D, agonist quinpirole or the D, agonist SKP 38393 was also ineffective in altering the incidence of dye coupling (Table 1) . However, evaluation of the data in terms of the location of the cells injected (i.e., by analyzing the data according to whether the neurons were located unequivocally in either the anterior or the posterior parts of the shell) revealed a region-specific heterogeneity in dye coupling ( Table 2) that is obscured when the shell region is analyzed as a single structure. Thus, the basal level of coupling was lower in cells injected in the posterior region of the shell when compared to the anterior region (i.e., posterior: 6%, 1 of 17; anterior: 35%, 7 of 20; p = 0.037, Fisher exact test). Perfusion with either 50 PM apomorphine or the D, agonist SKF 38393 caused a significant decrease in the incidence of coupling in the rostra1 portion of the shell, whereas administration of the D, agonist quinpirole into the superfusion fluid did not alter the level of coupling in the rostra1 aspect of the shell (Table 2) . However, the decrease in coupling observed in this region when 50 PM apomorphine was applied could not be blocked by coadministration of the D, antagonist sulpiride, suggesting that, unlike in the core region, there is no evidence that D, receptor stimulation is required to observe a D, receptor-mediated effect. In contrast, the incidence of coupling observed when clozapine was coadministered with apomorphine was not significantly different from control (Table 2) .
On the other hand, perfusion of the slices with 50 PM apomorphine resulted in a significant increase in coupling between neurons in the caudal portion of the accumbens shell. However, administration of lower ("presynaptic") doses of apomorphine (5 FM) did not result in a statistically significant increase in coupling in this region (Table 2 ). This apomorphine-induced increase in coupling could be mimicked by perfusion with quinpirole, although perfusion with SKF 38393 did not alter the incidence of coupling observed in this subregion. Furthermore, although both sulpiride and clozapine reversed the apomorphine-induced increase in coupling in the posterior shell region, only sulpiride was effective in reversing the apomorphine-mediated decrease in coupling found in the core.
Dye coupling in slices from DA-depleted rats The experiments outlined above suggest that a background level of D, receptor stimulation is both present and necessary to observe the D,-mediated decrease in coupling. This putative contribution of basal D, stimulation was tested in slices in which the DA had been depleted. This was done by pretreating the rats with reserpine and aMPT, as described in Materials and Methods, prior to preparing brain slices for recording. DA was depleted by approximately 92% in the core (control, 102.6 f 21.2 ng/mg protein; reserpine, 8.3 f 1.3 ng/mg protein) and 95% in the shell (control, 106.8 + 52.2 ng/mg protein; reserpine, 4.8 ? 0.8 ng/mg protein), as measured 24 hr after reserpine administration. Although there was no difference in DA levels between core and shell samples (t = 0.12, Student's t test), the remaining DA in depleted shell tissue was significantly lower than that in core samples (p < 0.01; t = 4.49; Student's t test). Furthermore, the actual DA levels present in depleted slices during recording and staining are likely to be substantially lower, since this measure does not take into account the effects of the synthesis inhibitor, which was added to the reserpine-treated slices 1 hr before initiating the recordings.
Intracellular injection of 59 neurons in the core region of slices obtained from DA-depleted rats yielded a similar level of dye coupling as that observed in slices from control rats (22%, 4 of 18; Table 3 ). Furthermore, when the D, agonist SKF 38393 was added to the perfusate, no change in the incidence of coupling was observed. However, perfusion with both SKF 38393 and the D, agonist quinpirole caused a large and statistically significant reduction in the incidence of dye coupling observed (decrease to O%, 0 of 23; p = 0.03; Table 3 ).
Electrophysiological properties of stained neurons: correlations with dye coupling In studies in which correlations between cell electrophysiology and dye coupling were made, a subset of 18 neurons (12 in the core, 6 in the shell) were recorded and stained using electrodes in which the Lucifer yellow had been dissolved in 1 M lithium acetate in order to obtain maximal signal-to-noise ratio. Data from these cells were not included in the estimations of extent or pharmacological modulation of dye coupling, due to the unknown effects of increased lithium concentrations on this parameter. The cells recorded exhibited an averaged resting membrane potential of -57.9 + 8.7 mV (mean f SD; range, -48 to -74.7 mV) and an average input resistance of 98.9 f 34.2 MO (n = 11; 60-l 60 Ma), and upon depolarization of the membrane elicited spikes that averaged 60.3 +-12.5 mV (50-88 mV) in amplitude. Each of the electrophysiological characteristics previously observed in accumbens neurons using standard potassium acetate electrodes, such as the presence of a slow depolarization preceding spikes, spike adaptation during depolarization, and low-threshold spikes (O'Donnell and Grace, 199 1 b, 1993a) , was also observed using the lithium acetate electrodes. The only difference observed using these dye-filled electrodes compared to what had been described previously using potassium acetate-filled pipettes was the apparent absence of an afterhyperpolarization and presence of an afterdepolarization in approximately 50% of the cells recorded.
In 17 recordings from core neurons (12 using lithium acetate with Lucifer yellow and 5 with electrodes containing potassium acetate), the cortical afferents innervating this region of the accumbens were activated by stimulating the white matter located at the anterior surface of the accumbens, where the afferents to the accumbens from the prelimbic region of the prefrontal cortex are known to traverse (Sesack et al., 1989) . Stimulation of the white matter (0.1-I mA, 0.1-0.5 msec pulse duration) evoked EPSPs in 17 core cells at a latency of 4.0 k 1.3 msec, with peak EPSP amplitude averaging 8.7 f 3.2 mV and occurring 6.9 f 2.0 msec after the stimulus. Increasing the amplitude of the afferent fiber stimulation was sufficient to evoke action potential discharge, with spike thresholds averaging -52.1 f 8.5 mV. Six shell neurons were activated by stimulation of the bed nucleus of the stria terminalis, which is believed to provide excitatory drive to this region via activation of the afferents to the accumbens arising from the bed nucleus as well as from the amygdala. EPSPs were evoked at a latency of 4.4 +-1.2 msec, and had a peak amplitude of 10.8 + 6.6 mV. In three cases, increasing the amplitude of stimulation elicited action potentials. These responses are consistent with those reported previously for shell neurons (Pennartz and Kitai, 199 1; Pennartz et al., 1992; O'Donnell and Grace, 1993a) .
Evidence for electrical coupling between core neurons. When single stimuli were applied to cortical afferents to core neurons, an early component of the action potential waveform was observed in 35% (6 of 17) of the cells recorded. This component was apparently distinct from the initial segment-somatodendritic (IS-SD) break, since (1) it occurred as a spike prepotential, whereas the putative SD spike in these neurons typically occurs after the peak of the IS spike (O'Donnell and Grace, 1993a) (Fig. 3A) , and (2) it had a varying temporal relationship with respect to the other spike components, even when the baseline membrane potential and spike amplitude were constant. Furthermore, when afferents are stimulated at an intensity just below spike threshold, on occasion (2 of 17) an all-or-none, small-amplitude (8-24 mV) spikelet was evoked without triggering action potential discharge (Fig. 3B) . The probability of observing these spikelets could be increased by delivering a conditioning stimulus lo-50 msec prior to the test stimulus, which has been shown to inhibit spike discharge evoked by the second stimulus both in the striatum (Nisenbaum et al., 1988) and in the accumbens (O'Donnell and Grace, 199 la, 1993a) . Using this paradigm, stimuli that failed to evoke full-amplitude action potentials were frequently observed to elicit small-amplitude spikelets. Furthermore, this paired-pulse triggering of spikelets was found to occur in all the neurons tested that exhibited the early fast prepotential component of the action potential waveform (6 out of 17 cells studied in the core). In each case, these small spikes were distinct from evoked EPSPs since the repolarizing phase of the spikelet had a much faster time course than would be predicted from the membrane time constant (Fig. 4) . Thus, unlike the passive decay associated with synaptic events, the spikelets repolarized via an active process (Coombs et al., 1955; Grace and Bunney, 1983) . In each neuron that displayed these spikelets or fast prepotentials, subsequent staining with Lucifer yellow revealed that the neurons also exhibited dye coupling (n = 5).
Evidence for electrical coupling between shell neurons. Electrophysiological recordings from the shell region also provided indirect evidence for electrical coupling. Thus, stimulation of amygdaloid afferents evoked EPSPs in cells located in the shell region. Furthermore, in two out of six cases this stimulation also evoked distinct spikelets (Fig. 5A) . Depolarizing the membrane during stimulation caused a decrease in the amplitude of the EPSPs; nonetheless, with sufficient levels of depolarization the stimulation was capable of triggering a full spike at the peak of the spikelet, with the spikelet now apparent as a fast prepotential (Fig. 5B) . Differentiation of the waveforms of the full action potentials triggered in depolarized neurons by afferent stimulation revealed the presence of a small-amplitude spike component that (1) occurs early in the spike (i.e., prior to its peak), and (2) occurs at variable intervals prior to the peak of the spike, even when the baseline membrane potential is constant (Fig. 5B) . Similar short-latency spikelets were also observed in eight additional core and shell neurons in which the attempted dye injection failed to label successfully the neuron recorded. However, all neurons exhibiting spikelets and that were stained with Lucifer yellow exhibited dye coupling, whereas two cells showing dye coupling did not exhibit fast prepotentials.
Finally, the possibility that the spikelets were IS spikes activated antidromically in the cell recorded was ruled out by experiments showing that the spikelet is still evoked by afferent stimulation even when the stimulus is delivered within 2 msec of the spike (Fig. 6F, n = 3 ). Since this latency is shorter than that associated with stimulus-evoked spikelets, this failure of collision shows that the spikelet was not triggered antidromically along the same axon that carried the propagating action potential.
Activation of D, receptors prevents the observation of spikelets . Unlike synaptic potentials that decay passively from their peak level of membrane depolarization, coupling potentials are known to repolarize at a much faster rate than would be predicted from the membrane time constant. This tracing shows the evoked response in a core neuron to stimulation of cortical afferent fibers, yielding an EPSP and a 12 mV spikelet. The repolarization rate expected for a passive decay in this cell was calculated from the membrane time constant for this neuron (7 = 10.2 msec; open arrow) and overlaid with the spikelet repolarization. The calculated passive decay occurs at a much slower rate than the repolarization of the spikelet, but is nonetheless roughly consistent with the rate of repolarization of the evoked EPSP. The latency of the spikelet in this case was shorter than that of the onset of the EPSP. The spikelets were evoked at a variable latency after the stimulus, and are therefore not likely to represent direct antidromic activation of the neuron impaled. Resting membrane potential, -74 mV. BI-B3, In the same neuron at a depolarized membrane potential (-65 mV at +O. 15 nA constant current injection), a full spike could be evoked by afferent fiber stimulation. The fast prepotential was observed at the same latency as the spikelet shown in A. Furthermore, as observed for core neurons, the evoked responses recorded in this shell neuron (lower trace of each pair) exhibit a variable latency between the fast prepotential and the action potential, which can be readily observed when the waveforms are differentiated (upper truces ofeuch pair). . Fast spikelet discharge is not observed in core neurons after D, receptor stimulation. A, A stimulus delivered to the white matter anterior to the accumbens evokes a spike. When a second response is evoked during the inhibitory period following the first pulse (i.e., 10 msec interstimulus interval; O'Donnell and Grace, 1993a), a smallamplitude, fast spikelet is observed. The addition of the D, agonist SKF 38393 (3 PM) to the superfusion fluid depolarized the membrane of this cell from a resting potential of -75 mV to a postdrug potential of -66 mV. B, After SKF 38393 treatment, the spikelet is no longer evoked by the stimulus. C, Increasing the stimulus intensity results in a full spike in response to the second pulse. D, Within 8 min after switching the superfusion media to control physiological saline, spikelet discharge could again be evoked, although the membrane potential remained at the depolarized level (i.e., -66 mV). Membrane potential returned to baseline levels approximately 35 min after changing to the drug-free media. Based on this difference in time course, it appears that the D, agonist may affect spikelet discharge and membrane potential via different mechanisms. E, Differentiation of the waveform recorded during high-intensity stimulation in the presence of SKF 38393 (shown in C) reveals an early component of the action potential evoked by the second stimulus. F, When the interpulse interval was reduced to cause the second pulse to be delivered during the repolarization of the evoked action potential (stimulus intensity, 170 PA), the spikelet is still elicited, showing that it did not collide with the initial spike.
consistently evoked at these stimulating parameters prior to SKF 38393 application (Fig. 6A-D) . Increasing the stimulus amplitude did not restore the spikelet, but instead evoked a full action potential. However, in this condition the SD component of the spike was shifted with respect to the IS spike (Fig.  6E ), resulting in a waveform that appeared to be associated with a coupling potential. Since the threshold for the early component under these conditions was identical to that of the full spike, it is more likely that this early component represents a temporal shift of the IS spike. This possibility is further substantiated by the observation that, although the D, agonist is capable of completely blocking the spikelet, it does not alter the threshold for action potential generation (control, -49.8 f 3.3 mV, SKF 38393, -52 * 5.6 mV), again showing that the generation of the spikelet is independent of the IS spike, which determines the action potential threshold of the neuron (Coombs et al., 1957; Grace, 1990) . The paired-pulse-evoked spikelets were restored approximately 6-12 min after washout of the drug by perfusion with control physiological saline. However, the D,-induced membrane depolarization did not return to basal levels until 35 min or more following drug washout.
Discussion
The differences between core and shell regions of the accumbens in terms of their connectivity pattern and neurotransmitter content have been well established (Heimer et al., 1991) . Thus, studies have substantiated that these regions are heterogeneous with respect to the origin of their afferents (Berendse et al., 1992a) as well as in their efferent projections (Zahm and Heimer, 1990; Heimer et al., 199 1; Berendse et al., 1992b) . For example, the majority of tyrosine hydroxylase-positive synaptic boutons have been reported to contact the dendritic shafts of neurons in the shell, whereas in the core these synapses preferentially contact dendritic spines (Zahm, 1992) . Also, differences have been reported in the morphology of medium spiny neurons from both subregions (Meredith et al., 1992; O'Donnell and Grace, 1993a) . Furthermore, neurochemical and pharmacological disparities between the core and shell regions of the accumbens have been shown, which include the higher content of ChATlike (Meredith et al., 1989 (Meredith et al., ) cholecystokinin-like (aborszky et al., 1985 , and neurotensin-like immunoreactivities (Zahm and Heimer, 1988) in the shell region, as well as the higher concentration of D, receptors in the core subdivision (Jongen-R&lo et al., 199 1). These anatomical and neurochemical distinctions may also alter the response properties of these systems to pharmacological treatment, such as in the region-specific differences in the response of accumbens cells to neuroleptic administration (Deutch and Cameron, 1992) .
The primary neuronal type labeled in this study in both core and shell regions was the medium-sized densely spinous neuron, which bears a strong resemblance to the morphology of striatal medium spiny neurons. This finding is consistent with the results of Golgi studies in the accumbens (Chronister et al., 198 1; DeFrance et al., 1985) , which show that medium spiny neurons comprise the predominant cell type in the accumbens. A much smaller proportion of aspiny neurons, as well as a variety of sparsely spinous cells and a few neurogliaform cells, comprise the balance of neurons in this region.
Dye coupling between accumbens neurons
In this study, accumbens neurons were found to share another property with striatal cells, that is, that of dye coupling and its modulation by DA Onn et al., 1991) . Nonetheless, the present experiments show that both the extent of coupling and its pharmacological regulation appear to be substantially different in the accumbens. Indeed, DA appears to exert distinct actions on dye coupling within different subdivisions of the accumbens as well.
Although most investigators agree that it is necessary to perform freeze-fracture electron microscopy to demonstrate conclusively the presence of gap junctions and that proof of the existence of electrical coupling requires the use of simultaneous intracellular recording from two coupled cells (Llinas, 1985) , such approaches are not typically feasible in the vertebrate CNS. Thus, because of the inherent technical difficulty in using these techniques to establish the presence of gap junctions and electrical coupling, most of the recent studies of cellular interactions within the mammalian CNS have relied primarily on the presence of dye coupling to assay for such interactions. However, as several authors have pointed out (Llinas, 1985; Gutnick and Lobel-Yaakov, 1986) , unless sufficiently restrictive criteria are employed in collecting and analyzing the results of cell labeling, this technique can be prone to artifact. Thus, we implemented several precautions to decrease the chance that labeling artifacts would enter into our observations. Because of its higher sensitivity and its propensity to yield lower-noise electrodes, several investigators have used staining based on biocytin or neurobiotin to test for the presence of coupling between cells (Kita and Armstrong, 1991; Vaney, 1991) . However, since biocytin is known to be taken up from the extracellular space into damaged and undamaged fibers and can be transported retrogradely into cell bodies (Chevalier et al., 1992; McDonald et al., 1992) , this stain is likely to be less reliable for rigorous dye coupling tests. Furthermore, dye coupling as revealed by Lucifer yellow injection has been shown repeatedly to correlate with electrical coupling under well-controlled conditions (Andrew et al., 198 1; Gutnick and Prince, 198 1; MacVicar and Dudek, 198 1; Connors et al., 1983; Grace and Bunney, 1983; Kettenmann et al., 1983; Walsh et al., 1989; Eghbali et al., 1990 Eghbali et al., , 1991b Nuiiez et al., 1990) , whereas biocytin has not as yet been subjected to such analysis. Therefore, Lucifer yellow was used to assess dye coupling in this study because (1) it is not taken up from the extracellular space, (2) it is not transported retrogradely from axon terminals or dendritic fields, and (3) only cells remaining viable throughout the Lucifer yellow injection procedure appear to be capable of retaining the dye. Furthermore, only cells that had sufficient label to outline their dendritic field and adequately label the dendritic spines, if present, were scored for incidence of dye coupling. Dye uptake from. the extracellular space into damaged neurons was ruled out as a potential source of artifact, since in several experiments dye that had been ejected into the extracellular space did not stain neurons even in cases in which the ejection was done immediately after withdrawing the pipette from a cell that had not been injected (n = 25). Almost all of the cells in this sample were maintained in a stable condition throughout the period of recording and dye injection, and on many occasions action potentials were elicited throughout the injection process. Also, for each case in which dye coupling was found, a region of dendritic overlap between the coupled neurons could be shown. Finally, the fact that the incidence of coupling can be substantially altered by administering moderate concentrations of dopaminergic drugs provides substantial evidence that the coupling observed here cannot be attributed to artifact.
Overall, the dye coupling data and electrophysiological e7ri-dence support the existence of a direct molecular and electrical link between sets of neurons in both core and shell regions of the nucleus accumbens, which suggests the presence of gap junctions. Although direct evidence does not as yet exist, one potential observation that may be indicative of the anatomical substrate of coupled cell clusters could be the isolated but dense clusters of neurons reported to be present in these regions (Herkenham et al., 1984; Meredith et al., 1989; Zoli et al., 1990; Groenewegen et al., 1991 ). Furthermore, a high level of close perikaryal apposition is reported to occur within each cluster (Paskevich et al., 1991) . Indeed, the incidence of coupling determined using in vitro recordings from neurons in the core and in the shell (26% and 23%, respectively) was higher than that observed in the striatum in vitro (9%; Cepeda et al., 1989) but is within the range found for in vivo striatal recordings (18%; Onn et al., 199 1) . The presence of dye coupling between neurons mediated via gap junctions is also supported by studies showing that the mRNA for gap junctional subunits (i.e., connexin) is present throughout the striatal complex, including the accumbens (Matsumoto et al., 199 1) . There is also the possibility that the close membrane appositions described in the accumbens by Domesick (Domesick, 198 1; Paskevich et al., 199 1) are indicative of a close functional coupling with respect to their activity as well.
The incidence of coupling reported here from an in vitro preparation is not necessarily similar to what would be found in vivo. Indeed, in a slice preparation almost all excitatory afferents to these neurons have been severed, and our findings might represent a "basal" state of coupling between these neurons in the absence of their normal inputs, and indicate that it is likely that the capacity for coupling is present in a majority of neurons. Dopaminergic modulation of dye coupling in the accumbens Dye coupling between neurons in the accumbens is not a static phenomenon. Instead, in a manner that is analogous to dye coupling observed in the retina (Teranishi et al., 1983; Piccolino et al., 1984) and in the striatum Onn et al., 199 I) , the extent of dye coupling between accumbens cells is under dynamic regulation by the DA system. However, the pharmacology of this modulation is both unique and, to the extent of our current knowledge, considerably more complex in the accumbens when compared with other vertebrate brain regions studied to date. Furthermore, dye coupling between neurons located in each of the anatomically defined subdivisions of the accumbens is affected by D, and/or D, receptor stimulation in a unique way. In this series of studies, the drugs to be tested are added to the superfusion media at the given concentrations at least 5 min before Lucifer yellow injection, with the drug present continuously until the slice is fixed at the end of the experiment. In this way, the relative concentrations of drugs added can be precisely controlled under equilibrium conditions. Recent neurochemical studies have shown the accumbens shell to be a heterogeneous structure (Groenewegen et al., 199 1; Berendse et al., 1992a) , with significant differences occurring between anterior and posterior regions of this nucleus (HenseImans and Stoof, 199 1; Jongen-R&lo et al., 199 1; Voorn and Dotter, 1992) . There are several reports of rostrocaudal gradients of several neurochemical markers within the accumbens, such as D, receptor binding (Bardo and Hammer, 199 l) , the efficacy of quinpirole in inhibiting ACh release (Henselmans and Stoof, 199 l) , and the presence of DA-stimulated pre-proenkephalin mRNA (Voom and Dotter, 1992) . However, one difficulty in comparing results between preparations is that several studies have distinguished only between anterior and posterior accumbens, possibly including proportions of the core and shell regions in each sample. Our results, however, were obtained only from cells unambiguously located either in the core, in the anterior part of the shell, or in the posterior part of the shell. Indeed, 20 cases of stained neurons were not analyzed due to the inability to localize them precisely to one ofthese subregions. The recording electrodes were placed so as to avoid the rostra1 pole of the nucleus accumbens, in which the core and shell divisions cannot easily be distinguished (Heimer et al., 1991; Zahm and Brog, 1992; Zahm and Heimer, 1992) . However, since these boundaries are not quite clear, it is likely that the anterior shell group may also include neurons from the medial rostra1 pole. Those cells were included since they showed similar results as those in the shell, and the medial aspect of the rostra1 pole has been reported to be shell-like in nature (Zahm and Brog, 1992) . The most dorsal region of the shell located close to the ventricle and the septum, which has been referred to as the cone (Groenewegen et al., 199 1; Heimer et al., 199 1; was not examined in this study due to its distinct neurochemical and anatomical characteristics. Therefore, by subdividing the accumbens into distinct domains on the basis of anatomical and neurochemical parameters, the effects of selective DA drugs on dye coupling were found to be much more consistent.
The precise site of action of DA cannot be determined from our data. Although DA effects could be mediated indirectly, it is not likely given (1) known direct effects in other brain regions (Piccolino et al., 1984; Lasater and Dowling, 1985a) , and (2) the absence of spontaneously firing neurons in accumbens slices (O'Donnell and Grace, 1993a) . Furthermore, D, effects in the posterior shell region are not due to presynaptic inhibition of DA release, since actions of D, antagonists and D, agonists are consistent with postsynaptically mediated responses. D, receptor stimulation decreases coupling in the core In studies of coupling performed in the core region of the accumbens, D, receptor stimulation consistently decreases the incidence of dye coupling, since (1) direct stimulation of D, receptors by the D, agonist SKF 38393 resulted in a significantly lower incidence of coupling; (2) only the highest concentration of apomorphine tested, which should have been adequate to stimulate the less-sensitive D, receptor (Richfield et al., 1989) decreased the incidence of dye coupling; and (3) the attenuation of coupling caused by high doses of apomorphine was blocked by pretreatment with two different D, antagonists (SCH 23390 or SCH 39166) . In contrast, stimulation of the D, receptor by administration of the D, agonist quinpirole or by application of a low concentration of apomorphine (5 PM), which should only activate D, receptors in the high-affinity state (Richfield et al., 1989) did not change the degree of coupling from control levels. Nonetheless, it is apparent that D, receptors may still exert some regulatory influence over dye coupling in the core. Treatment with the D, antagonist sulpiride (10 PM) prevented both high doses of apomorphine as well as SKF 38393 from inducing a decrease in the incidence of coupling (Table 1) . Therefore, it appears that some basal level of D, stimulation produced by endogenous DA was necessary to allow D, receptor stimulation to decrease coupling. This was substantiated in experiments showing that DA depletion will prevent the decrease in dye coupling produced by D, receptor stimulation. Furthermore, coadministration of both a D, and a D, agonist to the DA-depleted slice restored the D, -dependent attenuation of coupling (Table 3) . The presence of a tonic D, receptor stimulation by endogenous DA in the slice is further confirmed in experiments examining the effects of the D, antagonist sulpiride on the corticoaccumbens stimulation-evoked potential. Thus, given that these cortical afferents are known to have D, receptors on their terminals (Robertson, 1977; Magnusson et al., 1987) and that D, agonist administration will reduce the evoked EPSP (Calabresi et al., 1992) (Clark and White, 1987; Williams and Woolverton, 1990 ).
Coupling in the rostra1 and caudal portions of the shell is dl~erentially afleeted by DA Although the incidence of dye coupling in the shell occurs at roughly the same extent as that found in the core, it appears to be under a distinct type of pharmacological regulation. Initial analysis of the effects of dopaminergic drugs on accumbens shell neurons failed to reveal any statistically significant effect of DA on coupling. Thus, the incidence of dye coupling was not altered by perfusion of the slices with apomorphine (5 or 50 PM), or with SKF 38393. On this basis, the effects of drugs on dye coupling were analyzed separately for neurons that could be unequivocally located in the anterior part of the shell region versus those clearly localized in the posterior shell. Using this paradigm, the effects of DA receptor stimulation on coupling between neurons in the anterior part of the accumbens shell were found to be roughly similar but less pronounced than those observed in core neurons, with one exception: unlike the core, there was no evidence of an interdependence between D, and D, receptor stimulation within either section of the shell. Furthermore, although the basal level of coupling present between neurons located in the posterior part of the accumbens shell was low in control slices, D, receptor activation by apomorphine (50 PM) or quinpirole caused a significant increase in coupling. These D,-mediated effects were blocked by first administering sulpiride, or the D,/D, antagonist clozapine. In contrast, neither the D, agonist nor the D, antagonist was effective in altering the basal level of coupling or the increased coupling induced by apomorphine in this region.
Indirect evidence for electrical coupling in the core and shell regions
The criteria of dye coupling for identifying gap junctions between neurons can be strengthened if an independent measure of coupling can be correlated with the anatomical data. One technique that has been used in several vertebrate systems (Baker and Llinas, 197 1; Llinis et al., 1974; MacVicar and Dudek, 198 1; Taylor and Dudek, 1982; Grace and Bunney, 1983; Piccolino et al., 1984; Dudek and Snow, 1985; Cepeda et al., 1989) as an adjunct to dye coupling is based on physiological recordings, since this measure not only can supply an independent assessment of junctional conductance, but also can examine whether the coupling has a functional impact on the physiology of the neurons examined. Four separate physiological observations were made that are consistent with the presence of electrical coupling: (1) the presence of evoked spikelets that, unlike EPSPs (Coombs et al., 1955) , repolarize faster than would be predicted for a passive decay derived from the membrane time constant; (2) the failure to collide the spikelets with synaptically evoked spike discharge, showing that the spikelets were not activated antidromically in the neuron recorded; (3) the 100% correlation between cells exhibiting coupling potentials with those neurons subsequently shown to be dye-coupled, and (4) the ability to block pharmacologically the activation of putative coupling potentials with drugs shown to interrupt dye coupling.
The putative coupling potentials can be distinguished from fast excitatory synaptic events by examining their time course; that is, an EPSP is known to decay from its peak potential via a passive process, with the rate of repolarization being a function of the membrane time constant (7). In contrast, since coupling potentials are proposed to reflect action potentials occurring in the coupled neuron, the repolarization occurs via an active process, and therefore decays much faster than would be predicted by 7. In addition, in several neurons this spikelet is observed to trigger an action potential, in which case it is observed as a fast prepotential . This fast prepotential occurs during earlier time points in the spike waveform than is characteristic for the IS component (O'Donnell and Grace, 1993a) . Furthermore, it is unlikely that these spikelets are IS spikes from the recorded cell that failed to induce an SD component, since IS spikes exhibit a high safety factor in accumbens cells (O'Donnell and Grace, 1993a) . The probability of observing the spikelet in isolation is increased if evoked action potential generation is inhibited, such as during the inhibitory period following the test pulse in a paired-impulse stimulation paradigm using short (i.e., lo-50 msec) interpulse intervals.
Finally, the putative coupling potential appears to be regulated by the same factors that control dye coupling. Thus, administration of the D, agonist SKF 38393 consistently blocks the triggering of spikelets observed after the second of a pair of pulses is delivered at short interstimulus intervals in core cells. SKF 38393 elicits two effects on core neurons: a membrane depolarization, and the suppression of evoked spikelet discharge. The suppression of spikelet was reversed within 6-12 min of washout of the drug; however, the D, -triggered cell membrane depolarization persisted for over 35 min. The slower recovery of the membrane potential suggests that spikelet suppression and depolarization may be mediated via different mechanisms.
Examination of the effects of clozapine on DA modulation of dye coupling in the accumbens Sulpiride, a D, blocker, prevented the apomorphine-induced decrease in dye couplingin the core in addition to blocking the apomorphine-induced increase in coupling between shell neurons. In contrast, although the highly effective neuroleptic clozapine, like sulpiride, did block apomorphine actions on caudal shell neurons, it did not prevent the effects of apomorphine in the core. Furthermore, in the rostra1 shell, clozapine prevented the apomorphine-mediated decrease in coupling, thereby resembling the effect of the D, antagonists in this region, which contrasted with the actions of sulpiride. In an analogous manner, clozapine has been recently shown to increase c-fos expression in the shell, but not in the core region of the accumbens . Although the clinical potency of APDs (antipsychotic drugs) has been correlated with their efficacy in blocking D, receptors (Seeman, 1987 ) the affinity of clozapine for these receptors is low (Seeman, 1987) . Nonetheless, chronic treatment with clozapine has a high efficacy against both positive and negative symptoms (Kane et al., 1988) .
While it is unclear whether this difference between clozapine and D, antagonists, which resemble classic APDs in their pharmacology, is of functional significance, it is possible that this difference can be related to the different therapeutic actions of classic and atypical APDs. Although the primary difference between clozapine and classic APDs is related to the absence of extrapyramidal side effects with clozapine treatment, evidence indicates that this distinction is related to their different feedback effects on nigrostriatal DA neuron firing with chronic treatment; that is, repeated administration of classic APDs causes DA cell depolarization block in the nigrostriatal but not the mesolimbic DA system (see Grace, 1992 , for review). Indeed, the distinct projection patterns of core and shell efferents appear to be consistent with this hypothesis. Thus, development of depolarization block requires an action on the striatal neurons projecting to the mesencephalic DA cells (Bunney and Grace, 1978; Chiodo and Bunney, 1983; Grace, 1992) . Moreover, spiny neurons in the core project primarily to the DA cells located in the substantia nigra pars compacta, whereas the DA neurons preferentially targeted by shell projections are located in the anterior ventral tegmental (VTA) region (Heimer et al., 199 1) . Therefore, one model of APD action is that clinically effective classical and atypical APDs cause depolarization block in VTA DA cells via their actions in the shell, whereas the classical (but not atypical) APDs cause extrapyramidal side effects via their blockade of DA in the core of the accumbens.
In summary, the common therapeutic actions of clozapine and typical APDs appear to correlate best with induction of depolarization block in the mesolimbic DA cells (Chiodo and Bunney, 1983; Grace, 1992) to alleviate positive symptoms (Grace, 199 1) . However, classical and atypical APDs also differ with respect to their therapeutic actions, in that whereas both are effective in reducing the hyperdopaminergic-related positive symptoms, only clozapine is highly effective against negative symptoms as well. Furthermore, unlike positive symptoms, the negative symptoms appear to be related to a DA deficiency, and are alleviated by treatment with DA agonists (Angrist et al., 1980 (Angrist et al., , 1982 see Grace, 199 1, 1992 , for review). Although speculative, the unique ability of clozapine to block DA in the shell and Grace * Dopaminergic Control of Dye Coupling i n Accumbens Neurons but not in the core may be related to its efficacy on both positive and negative symptoms, respectively.
The role of coupling as it relates to information processing within the accumbens Although the role of electrotonic coupling in most brain regions is unclear, one area in which it is better understood is the retina. Studies of the retina have shown that DA modulation of coupling regulates dark adaptation (Teranishi et al., 1983; Lasater and Dowling, 1985b; Tornqvist et al., 1988) by altering the level of inhibitory influence between center-surround regions (Mange1 and Dowling, 1985) . In other brain areas, electrotonic coupling is thought to underlie synchronous firing or reciprocal excitation when the set of neurons coupled are spontaneously active (Bennett, 1977; Llinas, 1985) . However, since electrotonic synapses tend to act like low-pass electrical filters between cells (Hagiwara and Morita, 1962; van Swigchem, 198 1; Dudek et al., 1983) electrotonic coupling would be expected to reduce spike peaks substantially while allowing slow changes in the membrane potential to pass without significant attenuation. Therefore, it is more likely that the electrical coupling would tend to equalize membrane potential differences between cells, causing a synchronization of their overall levels of activity. Indeed, electrotonic transmission would be one of the most direct ways that a population of inhibitory neurons could allow spread of excitation to a subset of neighboring neurons to synchronize their activity states. The function of such synchronized activity states could produce two unique functional effects on information processing within the accumbens, depending on the nature of the cells coupled together. For example, if cells that are electrically coupled receive similar parallel afferent connections from the same cortical regions, an enhancement of coupling between these neurons would produce additive effects on membrane depolarization, and thereby amplify the level of corticoaccumbens throughput. In contrast, if coupling is present between cells that normally receive nonoverlapping inputs from functionally distinct cortical regions, coupling could provide a means to integrate information arising from otherwise disparate sources of afferent input. In addition, the potential for coupled cells to share second messengers could provide a means for an afferent input to trigger a prolonged development of longer-latency responses that may ultimately shape the responsivity of the network of coupled neurons. Thus, in addition to its actions on the membrane conductances of single neurons, the dopaminergic system may also alter the network properties of neuronal assemblies within the basal ganglia in a more complex manner. The function of such a network may be related to the strategic role of the accumbens as a link between cognitive, limbic, and motor systems (Mogenson et al., 1980) where it can mediate the integration of affective states with sensorimotor processes. As such, a disturbance in the DA-mediated regulation of electrotonic coupling could conceivably account for several of the clinical manifestations occurring in psychiatric disorders related to this neurochemical system. As reviewed above, extrapolating from their distinct complements of afferent and efferent connections and neurotransmitter content, the core and shell regions are likely to subserve different functions within the CNS. The core region receives its primary excitatory drive from the prefrontal cortex and the hippocampus (DeFrance et al., 1985; Sesack et al., 1989; McDonald, 199 l) , and therefore, being an extension of the striaturn, could be involved in more cognitive aspects of motor control, such as motor planning. On the other hand, the shell area receives glutamatergic input mainly from the amygdala, hippocampus, and entorhinal cortex (DeFrance et al., 1985; Sesack and Pickel, 1990) ; thus, it is more likely to be involved in the control of affective states.
Although highly speculative, a model of psychopathological disturbance relating the well-characterized hyperdopaminergic state in animals and the classical profile in schizophrenia in humans may be drawn. Thus, a DA-mediated decrease in the comparatively high level of coupling present in the core could conceivably lead to a narrowing of cortical integration, possibly causing a restriction of behavioral choices, in a manner analogous to the DA-related behavior of perseverance (Evenden and Robbins, 1983) , the inability to switch strategies (Matthysse, 198 l) , or the impaired attention states (Robbins, 1990) that are characteristics associated with the negative symptoms of this disorder. Conversely, a DA-induced increase in coupling, such as that observed in the posterior shell region, might enhance the ability of a group of cells to become activated from cortical or limbic afferents that otherwise may have a restricted influence within this subregion of the accumbens. In terms of the schizophrenic patient, an increased neuronal interaction within these limbic circuits could be expressed as an expansion in the range of stimuli that can induce a predefined set of emotional responses, conceivably contributing to the positive symptoms (i.e., delusional constructs, thought disorder, inappropriate affect, and disorganized behavior), which are believed to arise from DA hyperactivity within the nucleus accumbens (Wyatt et al., 1988; Gray et al., 199 1) . Under such conditions, the ability of clozapine to block preferentially the DA-mediated increase in coupling in the posterior shell region, but not the DA-mediated decrease in coupling in the anterior shell and the core, could conceivably underlie its ability to alleviate the hyperdopaminergic-related positive symptoms via its actions in the shell, while at the same time improving the DA deficiency-related negative symptoms by allowing DA transmission in the core to occur normally. and Grace -Dopaminergic Control of Dye Coupling i n Accumbens Neurons
